Special attention has been given to reducing agents that can interfere in oxidative and reductive processes, particularly in pathological situations that favour the production of pro-oxidants. One of the most important endogenous reducing agents is ascorbic acid (AA). [1] [2] [3] This physiological antioxidant participates in a variety of cellular events, including the synthesis of collagen, carnitine, and neurotransmitters, the transformation of xenobiotics, the absorption of iron and the scavenging of oxygen free radicals. [4] [5] [6] [7] [8] [9] [10] [11] In vitro, AA can act as a potent oxidant agent particularly in the presence of free metals such as iron and copper. [12] [13] [14] [15] It is reported that AA promotes degradative modifications in other proteins in vitro, in part by the formation of reactive oxygen species during its oxidation. [16] [17] [18] Of particular importance, AA and H 2 O 2 , in the presence of catalytic amounts of iron-EDTA, react to form HO • , which is extremely reactive and toxic to biological systems. [19] [20] [21] [22] [23] [24] [25] In a previous preliminary study using Fenton's reaction to produce hydroxyl radicals we observed that AA inactivates d-aminolevulinate dehidratase (d-ALA-D) and that the inhibitory action of AA was considerably decreased when 3-morpholinepropanesulfonic acid buffer (MOPS) was used in the d-ALA-D activity assay instead of potassium phosphate buffer (PB). The generation of radicals can affect the thiol groups of proteins. [26] [27] [28] d-ALA-D is a sulfhydryl-containing enzyme which catalyses the asymmetric condensation of two molecules of d-aminolevulinic acid (d-ALA) to porphobilinogen. [29] [30] [31] This condensation occurs via the formation of two successive Schiff-base intermediates and porphobilinogen is the precursor of the porphyrins. 32) Consequently, d-ALA-D activity is fundamental for oxidative metabolism. [33] [34] [35] Recent persuasive evidence from ours as well as other laboratories has indicated that d-ALA-D is extremely sensitive to oxidative stress and possibly to the free radicals which produce it. [36] [37] [38] [39] As pointed out above, buffers can modify AA auto-oxidation, possibly by changing the concentration or redox state of transition metals in the medium and also by scavenging reactive oxygen species such as HO •   . 40) The aim of the present study was to investigate both the mechanisms of d-ALA-D inhibition caused by AA as well as the protection afforded by MOPS buffer. Here we propose that d-ALA-D inhibition is mediated by the oxidation of -SH groups caused by the autooxidation of AA, which is catalysed by contaminating metals or another oxidizing system present in liver supernatants and not by the reactive oxygen species formed during AA autoxidation. This hypothesis was confirmed studying dithiothreitol (DTT) oxidation, as a model of the essential enzyme thiols.
In vitro, AA can act as a potent oxidant agent particularly in the presence of free metals such as iron and copper. [12] [13] [14] [15] It is reported that AA promotes degradative modifications in other proteins in vitro, in part by the formation of reactive oxygen species during its oxidation. [16] [17] [18] Of particular importance, AA and H 2 O 2 , in the presence of catalytic amounts of iron-EDTA, react to form HO • , which is extremely reactive and toxic to biological systems. [19] [20] [21] [22] [23] [24] [25] In a previous preliminary study using Fenton's reaction to produce hydroxyl radicals we observed that AA inactivates d-aminolevulinate dehidratase (d-ALA-D) and that the inhibitory action of AA was considerably decreased when 3-morpholinepropanesulfonic acid buffer (MOPS) was used in the d-ALA-D activity assay instead of potassium phosphate buffer (PB). The generation of radicals can affect the thiol groups of proteins. [26] [27] [28] d-ALA-D is a sulfhydryl-containing enzyme which catalyses the asymmetric condensation of two molecules of d-aminolevulinic acid (d-ALA) to porphobilinogen. [29] [30] [31] This condensation occurs via the formation of two successive Schiff-base intermediates and porphobilinogen is the precursor of the porphyrins. 32) Consequently, d-ALA-D activity is fundamental for oxidative metabolism. [33] [34] [35] Recent persuasive evidence from ours as well as other laboratories has indicated that d-ALA-D is extremely sensitive to oxidative stress and possibly to the free radicals which produce it. [36] [37] [38] [39] As pointed out above, buffers can modify AA auto-oxidation, possibly by changing the concentration or redox state of transition metals in the medium and also by scavenging reactive oxygen species such as HO • . 40) The aim of the present study was to investigate both the mechanisms of d-ALA-D inhibition caused by AA as well as the protection afforded by MOPS buffer. Here we propose that d-ALA-D inhibition is mediated by the oxidation of -SH groups caused by the autooxidation of AA, which is catalysed by contaminating metals or another oxidizing system present in liver supernatants and not by the reactive oxygen species formed during AA autoxidation. This hypothesis was confirmed studying dithiothreitol (DTT) oxidation, as a model of the essential enzyme thiols.
MATERIALS AND METHODS
5-5Ј-Dithio-bis(2-nitrobenzoic) acid (DTNB), dithiothreitol (DTT), ascorbic acid (AA), iron sulfate, ethilenediamintetraacetic acid (EDTA), 3-morpholinepropanesulfonic acid (MOPS), potassium phosphate buffer (PB) and deferroxamine (DF) were obtained from Sigma (St. Louis, MO., U.S.A.). All other chemicals were of analytical grade and obtained from standard commercial suppliers.
Adult male Wistar rats (aged two months) from our own breeding colony were maintained in a conditioned room (20-25°C) under natural lighting conditions with water and food (Guabi-RS, Brasil) ad libitum.
Rats were killed by decapitation. The liver was quickly removed, placed on ice and homogenized in 7 volumes 150 mmol/l NaCl. The homogenate was centrifuged at 4000 g at 4°C for 10 min to yield a low speed supernatant fraction (S 1 ) that was used for the enzyme assay.
Mammalian d-ALA-D activity was assayed by the method of Sassa 41) measuring the rate of product (porphobilinogen) formation, with the exception that 100 mmol/l PB (pH 6.8) or 100 mmol/l MOPS buffer (pH 6.8) and 2.5 mmol/l ALA were used. The reaction was started 10 min after the addition of the enzyme preparation by adding the substrate. Incubations were carried out for 1 h at 39°C. In some experiments, DTT (2 mmol/l) was used as a protecting agent. Enzyme activity was calculated using the absorption coefficient (6.1ϫ10
) for the porphibilogen formed. The oxidation rate of the thiol groups was determined according to Ellman's method, 42) by measuring the amount of free DTT sulfhydryl groups. The incubation was carried out in a reaction medium at 37°C with one of two different buffers, 100 mmol/l PB (pH 6.8) or 100 mmol/l MOPS (pH 6.8) containing 400 mmol/l DTT and variable quantities of AA as described in the figures. At different times, 0, 30, 60 and 120 min aliquots of the reaction mixture were checked for the amount of -SH groups at 412 nm (absorption coefficient 1.36ϫ10
). Iron in water and in solutions was determined by atomic absorption (limit of detection 0.1 mmol/l). In all tested samples, the iron content was below this limit.
The product of AA oxidation was obtained by maintaining a 250 mmol/l solution at 25°C for 18 h. The oxidation was monitored at 265 nm and after this period the residual quantity of AA was less then 0.5%. We also tested the effect of buffer on AA oxidation and, in the presence of 100 mmol/l of MOPS or PB, the oxidation was considerably accelerated and less than 0.5% was detected after 4 h (data not shown).
The rate of Fe(II) oxidation was determined as previously described. 43) In short, the reaction mixtures contained 100 mmol/l of PB, MOPS buffer or no buffer and 300 mmol/l Fe(II) freshly prepared.
Enzymatic assays were analyzed by two-way analysis of variance (ANOVA) [2(types of bufferϫ5 (concentration of AA). Differences between groups were considered to be significant when pՅ0.05. Oxidations of DTT under distinct conditions were carried out by three-way ANOVA [2(without/with EDTA)ϫ2 (without/with AA)ϫ4 (time of sampling)] with the time factor treated as repeated measures.
RESULTS
AA caused a concentration dependent inhibition of d-ALA-D when the enzyme assay was carried out in PB or MOPS buffer (pϽ0.01 for the two buffers). However, the inhibitory potency of AA was higher in PB than in MOPS buffer (pϽ0.01) (Fig. 1) .
Oxidation of DTT under different conditions was lower in the presence of MOPS than in the presence of PB (Figs. 2A, C). AA and AA plus EDTA considerably stimulated DTT oxidation. However, the rate of DTT oxidation was increased when EDTA and AA were present simultaneously (Fig. 2) . Inclusion of Fe(III) in the reaction medium tended to increase the oxidation of DTT (Figs. 2B, D) . Nevertheless, as observed earlier, the oxidation of DTT in the presence of MOPS was less accentuated than in the presence of PB (Figs.  2B, D) .
The role of free iron on DTT oxidation caused by AA was confirmed by quantifying -SH oxidation in the presence of deferroxamine (DF) (Fig. 3) . DF considerably decreased DTT oxidation both in the presence of PB or MOPS buffer. Manitol (up to 800 mmol/l) and DMSO (up to 10 mmol/l) did not change the AA-stimulated oxidation of DTT (data not shown). AA-induced DTT oxidation in PB buffer was reduced by catalase (pϽ0.05) and by catalase plus SOD (pϽ0.05). At 30 min, the content of -SH groups from DTT was 50% greater in the presence of catalase when compared to that measured in presence of AA. The content of -SH groups was about 30% in the presence of SOD and catalase. SOD alone did not significantly change the rate of DTT oxidation induced by AA (Table 1A) . In contrast, AA-induced oxidation of DTT in MOPS buffer was not changed by catalase or catalase plus SOD and SOD alone increased DTT oxidation induced by AA (Table 1B ). In the absence of AA, DTT oxidation was not changed by catalase, SOD or catalase plus SOD, regardless of the buffer used in the assay (Table  1) .
To test the hypothesis that dehydroascorbic acid was the chemical form involved in the inhibitory effect of AA, we monitored the oxidation of AA at 265 nm. After one day at 25°C, the total concentration of AA was less than 99%. The oxidation product of AA caused a pronounced inhibition of hepatic ALA-D and as observed with AA, the inhibitory potency in the presence of MOPS was less accentuated than that measured in PB (pϽ0.01; Fig. 4) . It is noteworthy that the inhibitory effect caused by 12 mmol/l of oxidized product of AA was higher than that obtained with AA for both buffers tested (compare Fig. 4 with Fig. 1 ). DTT, a reducing agent that can protect ALA-D from oxidants, 44, 45) caused an increase of 40% in the activity measured in the presence of PB, whereas the stimulation caused in the presence of MOPS was about 10%. Furthermore, DTT protected ALA-D from 12 mmol/l AA oxidation product only when the assay was carried out in the presence of MOPS buffer (pϽ0.01; Fig. 4 ).
To test whether the recycling of Fe(III) to Fe(II) by AA was involved in the oxidation of DTT and ALA-D, we determined the rate of Fe(II) oxidation in three different medium assays. In the presence of PB, the oxidation of Fe(II) was considerably faster than that measured in the presence of MOPS or in the absence of buffers (Fig. 5, pϽ0.01) . Data analysis also indicated that the oxidation of Fe(II) to Fe(III) was faster in the presence of MOPS buffer than in a non-
Fig. 3. Effect of Deferoxamine (DF) on DTT Oxidation Rate
The experiments were carried out in the presence of PB (100 mmol/l) (A) or in the presence of MOPS (100 mmol/l) (B) without or with AA (12 mmol/l); or DF (100 mmol/l). Data are expressed as meanϮS.E.M. for nϭ3.
Fig. 4. Effect of Buffers on Rat Liver d-ALA-D Inhibition by the Product of AA Oxidation
A solution of AA was oxidized in air at 25°C for 18 h and then it was used to determine its inhibitory effect on the enzyme. The supernatant fraction (S 1 ) was used for enzyme assay. Mammalian d-ALA-D activity was assayed by measuring the rate of porphobilinogen (PBG) formation at 555 nm in 100 mmol/l PB (PB) or 100 mmol/l MOPS (MO) in the presence (2 mmol/l) or in the absence of DTT. Enzyme specific activity (100%) was 12.7 nmol PBG/h/mg protein for PB and 19.5 nmol PBG/h/mg protein for MOPS buffer. Data are expressed as meanϮS.E.M. for nϭ4. The experiments was carried in the presence or absence of AA (12 mmol/l); in the presence of SOD (300 U) and/or Catalase (0.4 mg/ml). The thiol oxidation rate was determined by measuring the sulfhydryl groups at different times (0, 30 and 60 min). The incubation was carried at 37°C. Data are expressed as meanϮS.E.M. for nϭ5.
buffered medium (pϽ0.01; Fig. 5 ).
DISCUSSION
AA inhibited d-ALA-D activity with higher potency when the assay was carried out in PB than when in MOPS buffer. Data obtained using DTT corroborated with the findings of d-ALA-D inhibition by AA. These results, together with previous studies from our laboratory, indicate that DTT is a simple model of mammalian d-ALA-D 45, 46) and this is certainly related to the proximity of the thiol groups in DTT. Oxidation of the thiol groups of DTT promoted by AA was more accentuated when reactions were carried out in PB than in MOPS buffer. Auto-oxidation of DTT is rather complex and involves the formation of several intermediary species, including HO • . 47 ) Consequently, we suppose that the mechanism underlying DTT and d-ALA-D oxidation caused by AA is, at least in part, the same. We propose the following two schemes to explain the oxidation of DTT promoted by AA: 
Fe(II)ϩO 2 →Fe(III)
DEHYDROASCORBATEϩREDUCED DTT →AAϩOXIDIZED DTT 
Fe(II)ϩH 2 O 2 →Fe(III)ϩHO
Ascorbic acid is oxidized to form dehydroascorbate, which can directly inhibit enzyme activity by oxidizing the -SH groups from the enzyme. This hypothesis is more plausible because catalase reduced DTT oxidation only when PB was used. Furthermore, classical HO
• radical scavengers (manitol and dimetilsulfoxide) 48) had no protective effect in the rate of DTT oxidation (data not shown). In fact, Misra 47) postulated that during the auto-oxidation of DTT, the reaction of 2 O 49)
The participation of dehydroascobic acid was also confirmed by the inhibitory action of the oxidation product of AA on d-ALA-D. Oxidized AA caused an inhibitory effect on enzyme activity that was higher than that obtained with AA. This effect was again more accentuated in PB than in MOPS buffer. Furthermore, DTT provided partial protection against the inhibitory action of oxidized AA on d-ALA-D, but this was only evident in the presence of MOPS. The partial protection of MOPS buffer and its absence in the case of PB is certainly related to the quantity of oxidant used (6 to 12 times that of DTT). These results confirmed that ascorbic acid and its oxidized form demonstrated greater inhibition of the enzyme in PB than in MOPS buffer. Similarly, Fiorani and collaborators have demonstrated that hexokinase inactivation by ascorbic acid/Fe(II) is mediated by dehydroascorbic acid and not by reactive oxygen species formed during ascorbic acid oxidation. 50) The oxidation of DTT via HO • (Scheme 2) plays a secondary role in this process. The formation of H 2 O 2 during the oxidation of ascorbic acid and the metal catalysed decomposition of hydrogen peroxide have been demonstrated by different laboratories. 51, 52) One interesting finding of the present investigation was the fact that SOD increased the oxidation of DTT determined in MOPS buffer. The reasons for this effect are not clear to us but may involve the formation of H 2 O 2 that in turn could play a part in the oxidation of DTT. In line with this, Misra has demonstrated that the auto-oxidation of DTT can be increased by SOD possibly by facilitating the formation of H 2 O 2 .
47) Furthermore, the participation of O 2
•Ϫ in the process of ascorbic acid oxidation is still elusive. 53, 54) The difference observed between different buffers is probably due to differences in the capacity of the buffers to bind contaminating trace metals. In line with this, the inclusion of dexferoxamine in the incubation medium practically abolished the differences in the rate of DTT oxidation measured in the presence of PB and MOPS. The necessity of free iron as a determinant factor for ascorbic acid auto-oxidation is well documented in the literature and a variety of chelating agents can considerably reduce the rate of ascorbic acid oxidation. [12] [13] [14] [15] Furthermore, it has been reported that MOPS can chelate HO •39,55) and this capacity may be an additional protective factor for DTT oxidation measured in the presence of AA.
In conclusion, the rate of DTT oxidation in the presence of ascorbic acid varied considerably depending on the buffer used (PB or MOPS). Based on the dexferoxamine experi- ment, we conclude that contaminating iron is the principal factor involved in DTT oxidation by dehydroascorbic acid and a secondary role for HO
• was also deduced from the catalase protective effect agains DTT oxidation measured in phosphate buffer. We also conclude that greater inhibitory effect of ascorbic acid towards d-ALA-D is related to the formation of more dehydroascorbic acid in the reaction medium when phosphate buffer was used instead of MOPS.
